The Rí o Tinto drains the eastern part of the Iberian Pyrite Belt (IPB), an area with a huge amount of massive sulphide deposits that has been mined for the last 4500 years. This river presents extreme conditions, with very high concentrations in solution of metals and metalloids and low pH values. Mining activities in the upper part of the watershed of the Rí o Tinto have been documented since historical times and a huge amount of widespread acid-producing mine residues exist in this area. Nevertheless, there is no consensus among the scientific community as to whether the extreme conditions of the Rí o Tinto are the result of natural processes or the intense mining activity in the region. Here we show, using numerous geological, archaeological and historical records, that the present quality of the Rí o Tinto is the result of mining activities, especially during the period 1850-2001, while natural processes of formation of acid rock drainage can be considered negligible.
Introduction

Acid Mine Drainage
Acid mine drainage (AMD) is one of the biggest environmental problems associated with the mining of sulphide-rich mineral deposits, being responsible for the pollution of surface and groundwater in the vicinity of mining areas [1] . AMD results from the oxidative dissolution of pyrite together with other less abundant sulphide minerals (sphalerite, galena, chalcopyrite, arsenopyrite, etc.) generally associated with metal-bearing mineral deposits. Its generation is the result of the exposure of sulphides to air, water and microorganism, and involves complex processes governed by a combination of physical, chemical, and biological factors, as has been recently discussed in a review of the current state-of-the-art of AMD [2] .
Sulphide oxidation occurs naturally in the zones where these minerals are in contact with the atmosphere; this is known as acid rock drainage (ARD). However, under natural conditions, most of the sulphides remain buried under anoxic conditions and only a small fraction outcrops and is exposed to the action of oxygen and water. Mining activities enhance the generation of acidic leachates because they increase the exposure of sulphides to air, water, and microorganisms by: crushing of the sulphide-rich rocks increasing the surface area exposed, drilling tunnels and galleries that allow atmospheric oxygen to come into contact with buried sulphides, depressing the water table, etc. [3, 4] .
In many mines, once extractive activity ceases, increased concentrations of contaminants in the water are produced due to the recovery of groundwater levels and the redissolution of many salts precipitated in the unsaturated zone. Subsequently, the concentrations decline but can still stay elevated for hundreds and even thousands of years [5] .
Study Area
The Rí o Tinto basin drains mainly materials belonging to the Iberian Pyrite Belt (IPB), which in turn forms part of the South Portuguese Zone of the Hercynian Iberian Massif. Only in the southern part of the watershed the river runs through Neogene materials, mainly marly deposits ( Figure 1 ). The IPB, a 230 km long by around 50 km wide strip extending from the Seville province to the southwest of Portugal, comprises three lithological groups from Devonian to Middle Carboniferous [6] : (1) the Phyllite-Quartzite Group (PQ), formed by a sequence of shales and sandstones with an estimated thickness of at least >2000 m [7] , (2) the Volcano-Sedimentary Complex (VSC), which overlies the PQ group and includes a mafic-felsic volcanic sequence interstratified with shales, and (3) the Culm Group, overlying the VSC, a turbidite sequence of shales, sandstones and conglomerates.
The IPB contains one of the greatest concentrations of polymetallic massive sulphide mineralization on Earth [6] , which occurs as concordant tabular bodies or lenses, commonly underlain by crosscutting stockworks in which sulphides occur in veins and as pervasive disseminations [8] . Among them, the largest individual polymetallic sulphide deposit (original reserves of 500 Mt sulphides) is the Rí o-Tinto orebody, which lies in an east-west anticline, consisting of three distinct mineralized zones: San Dionisio, San Antonio and Cerro Colorado. Cerro Colorado orebody is formed by South Lode and North Lode, being the later formed by Dehesa, Lago and Salomon orebodies. A central stockwork interconnects Filón Norte and Filón Sur. These orebodies contain pyrite (FeS2) with minor chalcopyrite (CuFeS2), arsenopyrite (FeAsS), sphalerite (ZnS) and galena (PbS). They are covered by a weathering layer of gossans formed by an intense chemical weathering that can reach up to 70 m thick. At the north of Rí o-Tinto mine, there is another mining complex, Peña de Hierro, of lesser importance compared with Rí o-Tinto mine. The main tributaries of Rí o Tinto are the Jarrama and the Corumbel rivers on its left bank, which have been regulated by reservoirs, and the Candón Creek on its right bank ( Figure 1 ). As the slope decreases, the river broadens losing its fluvial character in the surroundings of Huelva and joining the Odiel River in a common estuary known as Rí a of Huelva (Figure 1) .
The climate in the Rí o Tinto basin is of a dry Mediterranean type with an average rainfall varying between 550 mm in the south and 900 mm in the upper northern hills. The rainfall is highly variable, most occurring between October and February, while it is almost non-existent during the dry season from June to August [9] . The Tinto basin is composed mainly by impermeable materials; therefore, the river has a low natural regulation, and most of the water discharge occurs during flood events.
Present-Day Conditions in the Rí o Tinto
The Rí o Tinto is a unique case worldwide of acid drainage from sulphide. Although there are many rivers affected by this problem [1, 10] , the supergiant sulphide deposits in the area, the absence of country rocks with acid neutralizing capacity together with the intense mining exploitation has caused extreme pH conditions and toxic concentrations of metals and metalloids from the headwaters to the mouth (Figure 1) .
No fish, amphibians, insects or plants live in this river of acid waters. However, it is not without life; there are abundant extremophile organisms (microorganisms and certain species of algae) adapted to these particular conditions, which have attracted great scientific interest due to the existence of a wide variety of eukaryotic organisms [11] [12] [13] . Another recent interest in the Rí o Tinto headwaters lies in the possible similarity of these environments with conditions on Mars [14] [15] [16] .
Very close to its source, the Rí o Tinto receives various acid leachates from the Peña de Hierro mine and subsequently receives much acid input from the Rí o-Tinto mine [17, 18] . In this area, there is a startling landscape without vegetation and with large reddish spoil heaps, huge open pits such as Atalaya and Cerro Colorado, former industrial facilities for mineral treatment and so on [19] . These residues generate leachates with values of pH close to 1 and dissolved concentrations up to 84,000 mg/L of sulphate, 35,000 mg/L of Fe, 104 mg/L of As, etc.
Downstream of the mining area, contamination content decreases owing to dilution with water of uncontaminated tributaries joining the main course and attenuation processes. However, pH values remain at around 2.5 due to buffering by the ferric iron precipitation. Before its mouth in the estuary, the Rí o Tinto still has a high level of contamination, with average pH values close to 2.5, dissolved concentrations of 157 mg/L of Fe, 77 mg/L of Al, etc. [20] . The Rí o Tinto, along with the Rí o Odiel, carry huge amounts of dissolved pollutants to the Huelva estuary: 7900 t/year of Fe, 5800 t/year of Al, 3500 t/year of Zn, 1700 t/year of Cu, etc. [21] . This, together the industrial pollution, makes the Rí a de Huelva one of most polluted estuaries in Europe, with high metal concentrations in waters, sediments and biota [22 ] .
The hydrogeochemical characteristics of these rivers follow a seasonal pattern. During summer, the sulphide oxidation is maximized by the increasing temperature, so that the leachate which is generated in the mining areas reaches very high concentrations. The intense evaporation causes supersaturation of various sulphate salts, which precipitate in the river banks [23] . The redissolution of these salts with the first rains of autumn causes the release of acidity, sulphates and metals, recording the highest contamination levels of the year [9] .
Objectives and Methods
Numerous studies [16, [24] [25] [26] [27] [28] attribute the current state of the Rí o Tinto to natural conditions related to the huge amounts of outcropping sulphides in the upper part of its watershed. This is also a widespread perception from public opinion in the zone. Other researchers explain the river conditions as being due to the existence of the sulphide deposits together with the influence of mining [1] . On the other hand, for the environmental restoration of mining areas it is essential to know the natural background conditions that existed before any mining activities [29] .
The aim of this study is to provide information on the history of mining pollution of this river, and to discern what is natural and what is anthropogenic in its current condition. Numerous geological, archaeological and historical studies that address, partially or tangentially, some aspects of the natural features or contamination in these river systems have been collected to assess how the water quality has evolved in the Rí o Tinto and its environmental impact. This approach may be of interest in differentiating the importance of natural and anthropogenic processes on rivers affected by AMD.
Mining History
The Beginning of Mining
Metal production in the IPB began in the third millennium BC, in the Chalcolithic period, with the development of communities specializing in copper mining from carbonates, oxides and some sulphides, such as chalcocite and covellite [30] . The exploitations were restricted to minerals that outcropped at the surface or at shallow depths [27] . Between 1800 and 1200 BC, a mine seeking rich silver minerals from the oxidation of sulphides was developed. In the Late Bronze Age (1200-900 BC), mining and metallurgical activities blossomed with the Tartessian civilization, which based its economy on the production of metals [31] . With the advent of the Iron Age, new instruments allowed the miners to reach greater depths. So, there is evidence of underground works in the Rí o-Tinto mine in the seventh century BC [27] . Later, the Carthaginian civilization heralded the end of Tartessos and thus of mining in the IPB, until the arrival of the Romans [32] .
The Roman Period
The arrival of the Roman Empire (second century BC) gave a strong impetus to mining, exploration, extraction, drainage systems and metallurgy. Roman technology made possible the exploitation of deposits on a hitherto unknown scale. Mining was generally underground, being silver the main metal extracted from the jarositic materials located below the gossan. Often, it was necessary to lower the water table by drainage galleries, waterwheels (Figure 2) , or other systems, reaching depths of even a hundred metres. Other evidence includes caves of Roman origin (actually mines), numerous shafts and huge slag heaps.
Roman copper mining came later and exploited higher grade ores [27] . The maximum activity in this period occurred in the first century AD. After the second century, AD mines went into a gradual decline and, with the arrival of the Visigoths to the Iberian Peninsula (405 AD), the exploitation was abandoned. From the heap slags found before the beginning of modern exploitation it has been estimated the ancient extractions, mainly Roman: 800,000 t of jarositic materials for producing silver and 3,600,000 t of sulphides to produce Cu [33, 34] . 
Since the End of the Roman Period until 1725
It has traditionally been considered that, during the Middle Ages, mining was very scarce. However, some works attributed to the Romans could be of medieval origin because the mining technology employed by the Romans remained with little change until the late fifteenth century [27] . In the sixteenth century, there was a spate of exploring for gold and silver in the province of Huelva, which, however, did not come to fruition. It is known that, at this time, the evaporite salts that precipitate in the mining areas during the summer (Figure 3 ), were collected for medical purposes, dye manufacturing, etc. [35] .
The Period 1725-1849
The exploitation of the Rí o Tinto mine resumed in 1725 as a result of a grant to Robert D. Wolter; this was followed by grants to other private dealers until 1783, when the mines started to be managed by the state. Initially, copper was obtained by precipitation of the acid leachates from the Roman galleries coming into contact with scrap iron. Mining began in the South Lode extracting Cu-rich minerals and some smelter furnaces were constructed [35] . In the late eighteenth century, mineral extractions exceeded 10,000 t/year ( Figure 4 ). In the early nineteenth century, copper began to have multiple applications in the electrical industry, such that its global production increased by 30% per decade [24] . Mining received the final push to the mid-nineteenth century with the strong growth of the chemical industry for the manufacture of sulphuric acid, used in fertilizers, explosives, and many other products. To improve the performance of the mines, a concession was made to the Marquis of Remisa (1829-1849), who moved production into growth ( Figure 4 ). New smelters, that needed significant amounts of wood and caused the disappearance of the surrounding trees, were constructed. In 1839, calcinations in "teleras" began to be used for the low grade Cu ores. This method involved the slow roasting (over six to seven months) of 40-50 tonnes of ore in conical heaps to remove the sulphur. Then, the roasted ore was placed in tanks with acidic water to dissolve the copper and cementation then produced copper in contact with iron scrap in channel systems ( Figure 5 ). The calcination "teleras" meant less wood consumption [35] . Mineral extractions were restricted to the underground mining of a small area in the South Lode (Figure 6 ), distributed in six floors, reaching a maximum depth of 64 m, less than that reached by the Romans [36] . Production in 1850 was 25,000 t of sulphides (Figure 4 ). Until 1850, the only active mine in the IPB was Rí o-Tinto mine, but thereafter there was a great boom in mining sulphides and in 1855 many mines were in production, including the Peña del Hierro mine, northeast of Rí o-Tinto mine (Figure 7 ).
The Period 1850-2001
The state resumed exploiting the Rí o-Tinto mine from 1850 and production in South Lode continued to increase (Figure 4) . However, by 1870, extraction ceased as a result of different problems and the government decided to sell the mines, introducing legislative changes to promote the inflow of foreign capital. In 1873, the Rí o-Tinto Company Limited was founded by British investors, acquiring the Rí o-Tinto mines.
To transport large quantities of ore the construction of a railway line to the port of Huelva was undertaken, ending in 1875 (as the rail bed Roman smelting slags were used). The mines experienced a major financial and technological push. At first, the operation was underground, but opencast mining quickly began in the South Lode (1876), three open pits in the North Lode (between 1890 and 1900) and at Atalaya (1910). In 1878, only five years after the purchase of the mines, extraction reached 900,000 t, 10 times more than the previous maximum production. For mineral processing, a new smelting plant and a factory for sulphuric acid production were constructed. Location of mining wastes and facilities have been taken from [38] . The represented area corresponds to the inner square in Figure 1 .
Higher-grade minerals were intended for smelting or exportation. Lower-grade minerals were accumulated in large areas, directly or after calcination by "teleras", for leaching and recovery of Cu. The calcination "teleras" aggravated environmental and public health problems (discussed below), which led to mining companies developing methods of natural cementation, which remained operational until the late 1960s [39] . For natural cementation, the ore was piled in large heaps, with holes for air inlet, and was irrigated regularly with acid mine water, so producing rapid oxidation of the sulphides. The leachates were collected and cemented in channel systems with iron scrap. The washed pyrite was used for producing sulphuric acid and thereafter roasted ashes were treated for Pb, Zn, Co, Ag, etc. [39] . The underground mining works continued, especially in the South Lode and Pozo Alfredo (Figure 7) . The open pits of the North Lode and the South Lode were in operation until 1930-1940, while the exploitation of Corta Atalaya continued until the end of the 20th century. The ore was taken through tunnels to the Zarandas-Naya zone ( Figure 7) for treatment or rail transport to Huelva. Production underwent some fluctuations, usually ranging between 1 and 2 Mt (Figure 4) , as a consequence of labour problems, variations in the market for sulphur and copper and armed conflict (the two World Wars and the Spanish Civil War).
In 1954, the Rí o-Tinto Company Limited sold two-thirds of its shares and management returned to Spanish investors. In 1966, a new company was formed with the aim of initiating the exploitation of Cerro Colorado and building a smelter and sulphuric acid plant in the Industrial Pole of Huelva to move production to these facilities. In the 70s, pyrite mines declined due to competition from sulphur extracted by other industrial processes, such as desulphurization of petroleum [31] . In the 80s, there was a sharp drop in demand for copper and sulphuric acid [31] . Moreover, growing environmental awareness led to the ash produced in the roasting of pyritic minerals being considered a toxic residue. This provoked the closure of numerous mines in the IPB. To overcome the crisis, copper production in Rí o-Tinto mine was abandoned, boosting gold and silver extraction. However, a new crisis in the late 90s led to the total closure of the Rí o-Tinto mine in 2001. The abandonment of drainage pumping caused flooding of the underground workings and a large part of the open-pits (Figure 9 ).
Regarding the Peña de Hierro mine, although much less important than Rí o-Tinto mine, there is also evidence of its exploitation during Roman domination. Contemporary extractions started in 1853 by underground mining. In 1883, with the arrival of foreign investors, open pit mining started, with the period of maximum production occurring between 1900 and 1930 [32] . After several periods of inactivity, exploitation was completely abandoned in 1966 [40] .
Today, the rising price of raw materials since 2004 due to strong demand from Asian countries has caused a rethink of the economic viability of copper mining and we are in a new cycle of resurgence. From the eighteenth century to the present, the total sulphide production of the Peña de Hierro mine was 4 Mt, while the Rí o-Tinto mine has extracted 241 Mt [41] . Prior to 1850, exploitation was negligible (Figure 4) . The most important phase of production occurred in the 1970-2001 period, with almost 45% of all sulphides (plus 94 Mt of gossan) being produced. Comparing these figures with the ancient extractions (Figure 10 ), we have found that throughout the Roman and pre-Roman periods (much longer than the contemporary exploitation) extractions were less than 2% of the total production.
Impact of Mining on the Rí o Tinto
Background Conditions
From the gossans that usually crown the sulphide deposits of the IPB, the age of onset of natural oxidation processes (ARD) of these deposits, and, therefore, the release of metals and acidity from the sulphides, can be obtained. There was already a natural process of oxidation of sulphides about 2 Ma ago, leading to the appropriate conditions for the development of acidophilic bacteria [14] . In a recent more precise dating from a palaeomagnetic study at Rí o-Tinto gossan and other IPB gossans, the beginning of their formation (and therefore the origin of ARD processes) has been traced to the late Oligocene (>24 Ma) [42] . An approximation of the amount of pollutants released at this stage, before mining, can be made. Considering the original mass of gossan (about 100 Mt), which must come from a mass of five times that of sulphide [43] and the existing average grades in the IPB (48% sulphur, 0.8% Cu, 2% Zn [44] , we found that the gossan formation of the Rí o-Tinto mine would produce 720 Mt of sulphate (1 tonne of sulphur generates 3 tonnes of sulphates), 4 Mt of Cu and 10 Mt of Zn. Dividing these figures by the time since the oxidation of sulphides started (24 Ma), it has been found that 30 tonnes of sulphates, 0.2 t of Cu and 0.4 t of Zn were released each year. This is an estimate with many simplifications and great uncertainty. However, these figures are three orders of magnitude lower than the amounts currently transported annually by the Rí o Tinto (36,000 t of sulphates, 470 t of Cu and 860 t of Zn [21] . This increase is in the range observed in other mines [29] . 
The Beginning of Mining
Archaeological studies reveal the connection between the beginnings of mining and metal contamination in sediments of the Huelva estuary. From the analysis of molluscs shells consumed in a metallurgical village located about 30 km north of the city of Huelva [30] , low concentrations of As, Cu and Zn from the sixth to fourth millennium BC have been found, although the background level is higher than that found off the coast of Portugal (which might be due to ARD discharges). In the third millennium BC, the content of these metals increased significantly and, in parallel, there is a noticeable decrease in tree pollen attributed to massive logging to feed smelters [30] .
The Roman Period
After this first phase of initial exploitation, mining activity slowed to its resurgence in Roman times. As mentioned, Roman mining is a period of great activity causing sulphides to come into contact with atmospheric oxygen, increasing the levels of pollutants released into the environment. There is evidence of this contamination, transported by global atmospheric circulation, even in Greenland. By analysing ice cores, an increase in the concentration of lead, copper and other metals coinciding with the Roman era has been detected. Comparing the isotopic signature of lead to major mineral deposits existing in that period, is concluded that about 70% of the lead in the Greenland ice came from deposits of the IPB [45] . Similar conclusions were obtained from the analysis of the copper concentration in the ice [46] , reflecting the enormous importance of IPB mining in Roman times.
Since the End of the Roman Period until 1725
After the Roman era, mining suffered a sharp decline, but continued intermittently until the modern age. The first written document on pollution by AMD from the Rí o-Tinto mine is a report from 1556 by Diego Delgado, appointed by King Philip II to investigate mining possibilities in this area, who described acidic leachates emerging from Roman galleries and caves [47] : "We also visited another cave which was full of water and from under which sprang a river said to be the Rí o Tinto. The reason why it is known as the Rí o Tinto is because it springs from vitriol, which in another part is known as copperas, used for ink". "No fish or other life existed in this river, neither do people or animals drink it, not are its waters used for anything else". "It has another property that if you place iron in the water it dissolves in a few days. This I tested and proved myself. I took a live frog and threw it in the river and it died without being able to leave the water".
This cave (Lago Cave; Figure 6 ) was actually an old mine in which the incisions of Roman picks could be recognized [36] . Also described in this report are huge spoil heaps and numerous traces of ancient mining activity in the area, including the source of the acidic River Tintillo (a tributary of the Odiel River) from a Roman adit ( Figure 6 ). That is, although contamination levels should be lower than those of the Roman period, after many centuries of scarce mining activity, discharges of acidic leachates continued, reflecting the longevity of the processes of oxidation of sulphides [5] . However, that the headwater area of the Rí o Tinto was contaminated does not mean that there were similar levels of pollution as today. In fact, as stated below, the water quality of the Rí o Tinto near its mouths was good enough to be used for irrigation and urban supply.
The Period 1725-1849
Mining activity in this period was low, as shown by mineral extraction (Figure 4 ) and, therefore, the pollution levels were also low. Several references to the Rí o Tinto can be found in [48] : "Water is good for cattle from its source to Salomon Hill, where high amounts of vitriol make it harmful to animals", "Along the municipality of Villarrasa the river fertilizes in both margins a portion of acres of arable land". Describing the town of Niebla: "is crossed by the Río Tinto, whose waters are used by the neighbors". Referring to the Río Tinto estuary: "It is abundant in all kinds of seafood and fish very exquisite".
That is, the Rí o Tinto had pollution problems downstream Salomon Hill (where the Lago Cave was located), but on its lower section it had good water quality. Interestingly, upstream the Lago Cave ( Figure 8 ) the river was also of good quality. Today, the source of the Rí o Tinto is considered to be in the Peña de Hierro mine, about 2 km north of Lago Cave (which has disappeared due to mining). This implies that, due to the mining in Peña de Hierro that began in 1850, the reach from this point to Salomon Hill was contaminated. Namely, the source of the Rí o Tinto has been linked to mining activity since at least Roman times, and has changed depending on the opening of new mines.
The Period 1850-2001
Although exploitation in Peña de Hierro began in early 1850 and Rí o-Tinto mine production continued to increase at the beginning of this period, the mining boom was not until 1873, with the arrival of British investors. After 36 years of operation in Peña de Hierro was noted [49] : "On the source and upper reach of the river its waters and its tributaries are pure and crystalline, but when it receives water from the Rí o Tinto and Peña del Hierro mines are not only unprofitable for domestic use but, as is verified with the Odiel, damaging to vegetation, unsuitable for life of any beings and harmful to fish and shellfish from the estuary of Huelva when, after the summer, the first avenues washed the metal salts formed by evaporation and chemical precipitation…", "From light green when those waters leave the tanks in which the copper cementation occurs, go on losing such colour acquiring that of red wine, corresponding to the ferric salts, which are preserved in the river passing through Niebla…".
While before 1850 the Rí o Tinto waters fertilized the meadows next to Villarrasa and Niebla and being used by the neighbours for water supply [48] , in 1886 the Rí o Tinto reached Niebla contaminated (red wine colour) [49] . That is, between 1850 and 1886 the Rí o Tinto suffered a major degradation. This process also occurred in many other rivers and streams in the IPB following the opening of a large number of sulphide mines and large-scale exploitation.
Also at this time, there was a great impact on the Huelva estuary, as shown in a study conducted in 1868 on bivalve shoals on the Spanish coast [50] : "This coast has been very abundant in oysters and other molluscs, everywhere, but for some years has been reduced to nil production, ignoring the causes, which may very well result from the movement and shipment of copper ore, which is made in considerable quantity and poisons the water". Probably, the disappearance of bivalves was due to the contaminant contributions of the Rivers Tinto and Odiel, rather than loading ore at the port.
This degradation of the IPB rivers was parallel to pollution provoked by the fumes of the "telera" calcinations [51] . The great development of the "teleras" in the second half of the nineteenth century led to large toxic clouds of sulphur fumes containing arsenic, that caused serious damage to crops and forests due to acid rain, as well as diseases and increased mortality of the inhabitants. In Rí o-Tinto mine, sulphur gases reached 500 tonnes per day, so the area became known as "The Valley of Lucifer" [31] . The complaints of the population due to the bad working conditions were suppressed, resulting in a massacre in 1888 [51] . The calcinations were gradually eliminated after these events; however, the pollution of rivers probably continued in parallel with the increase in mining production.
Throughout the twentieth century, pollution levels in the river should have reflected the mining activity. In this sense, the beginning of large-scale mining of Cu and gossan in Cerro Colorado from the 70s, and the generation of huge amounts of hydrometallurgical waste, must have led to a further deterioration in the conditions of the area, above all in the River Odiel basin where the tailing dams of Cu and gossan are located (Figure 8) .
In Spain, the legislation to avoid the impact of mining on the environment was not implemented in an effective way until the 80s, and the awareness of environmental concerns by the population is even more recent. Before these dates, mining acid leachates discharging to the rivers were not considered a problem. In addition, many people think that the state of the river is due to natural processes.
From a study using geophysical methods in the area of Peña de Hierro, it was concluded that the source of acidity of the Rí o Tinto is a deep aquifer and that mining has little or no influence on the generation of the acidic waters carried by the river [28] . Nevertheless, these conclusions are not supported at all by the data provided by these authors. According to this work, the tritium values of waters in the zone confirm that both the acidic streams and the acidic springs are sourced by waters of subsurface origin that have a residence time of at least 60 years showing a deep flow of groundwater. However, the mean residence times from acidic waters in the zone are lower than 20 years, indicating a shallow groundwater flow through the artificial aquifer created by mining [52] . There are deep boreholes in the area with higher mean residence times [53] , but this only show a slower groundwater flow at depth and the predominance of the surficial flow in the acidic springs. Also, the data of these authors [28] contradict the evolution of metal concentrations in the sedimentary record of the Huelva estuary and the Gulf of Cá diz (see below).
Data from the Sedimentary Record
The impact of mining in the IPB, and specifically in the Rí o Tinto mines, has been recorded in the sedimentary record. Before the beginning of mining, the release of acidity, sulphates, metals and metalloids by ARD occurred over millions of years. Although there were some zones with acidic conditions, these should be very restricted and the amount of pollutants released to the environment should be negligible compared to current levels. In a study of the alluvial terraces of the Rí o-Tinto, it has been documented that from the Middle Pleistocene to early Neolithic the concentrations of metals associated with sulphides are much lower than those in the most recent river terrace [54] . Also, there is no evidence of pre-mining contamination in the sedimentary record of the Huelva estuary. In the sediments older than 5000 years, concentrations of metals associated with sulphide mining are low, similar to averaged continental sediments [55, 56] However, current surface sediments, from the mine area to the estuary, show high concentrations of Fe, Ni, Co, Cr, Cu, Zn, etc., some orders of magnitude above Holocene background levels [57] . In a geochemical study of three cores from the Tinto estuary (between 2.4 and 3.2 m long), the highest levels of contaminants (up to 4122 ppm of Zn and 1349 ppm of Cu) was obtained in the upper part due to the intensive mining from the second half of the nineteenth century [57] . The contaminant levels were also high in deeper samples dated to the Roman period (2020 years BP) or even before (3640 years BP), showing that the estuary was polluted well before the large scale mining activities of the late nineteenth century [57] . An improvement in the quality of the ecosystem of the estuary of Huelva from the third to the nineteenth centuries was found from the study of microfossils in the Rí a of Huelva due to the decrease of mining activities in this period [58] .
Similar conclusions were obtained in a core (15 m long) drilled in the Holocene sediments of the Tinto estuary, in which two anomalous horizons with very high metal contents (100 times over the background) were found [55] . The lower horizon (with 900 ppm of As and 2500 of Pb) also showed clastic pyrite grains and some small globules of vesicular glass similar to those of scorias and slags from metallurgical furnaces. The age of this horizon (4500 years B.P.) coincides with the beginning of mining in the IPB [30] . The trace metal contents in the older Holocene estuarine sediments were similar to averaged continental sediments. The influence of the Roman period did not appear in this core because there were an erosional hiatus. The second metal-rich layer (1400 pm of As and 5300 ppm of Pb) correspond to modern mining, and it is very rich in detrital pyrite grains similar to those of the huge stockpiles and tailings from the mining zone.
Data from another core (50 m long) near the confluence of the Tinto and Odiel estuaries also show background values of elements linked to sulphides before the beginning of mining, while the sediments near the surface show a high increment of Fe, Cu, Zn, As, etc. [56] .
Associated with the great intensification of mining from the second half of the nineteenth century, there was a huge increase in the content of metals of the sediments, not only in the Huelva estuary, but even in samples taken on the Atlantic coast and the Gulf of Cadiz. In two cores collected near the mouth of the Guadalquivir River, a large increase in the concentration of Zn and Cu between 1840 and 1890 was observed [59] . In these cores, the impact of older (pre-Roman) mining was not detected, probably because their effects were restricted to the Huelva estuary due to the lower intensity of mining.
An important industrial complex was developed in the estuary of the Rí a of Huelva from 1967 contributing to the contamination of the estuary [22, 57] . Since the 90s, the environmental authorities are making major efforts to reduce this type of pollution and the conditions in the estuary are improving. However, there remains a big problem due to contaminants from mining carried by the Tinto and Odiel Rivers.
A similar pattern in the distribution of mine-related contaminants in the sedimentary record has been observed in the estuary of the Guadiana River, also draining the IPB. Two cores were obtained in both side of the river (51 and 63 m long) sampling the complete sedimentary sequence of the last 11,000 years, until reaching the Variscan basement [60] . In this case, the complete history of mine-related contamination can be observed. Pre-mining background values of mine-related contaminants were recorded from the deeper part of the cores until the beginning of the mining activities in the IPB (4500 years BP). After this first peak of contaminants, other peaks can be seen upward in the cores corresponding to the main mining periods described in Section 3 until reaching present day conditions (see Figure 10 in [60] ).
Conclusions
Pollution in the Rí o Tinto has paralleled the history of mining. Five periods with different levels of contamination can be considered:
1. The natural oxidation stage of sulphides and gossan formation by ARD. These natural processes occur very slowly, over millions of years. In the Rí o Tinto headwaters, natural acidic springs should exist, generating a high diversity of acidophilic eukaryotic organisms. However, this acidic water would be neutralized by water from other tributaries and the Rí o Tinto upstream the Rí a de Huelva was of good quality. Although significantly higher than in other estuarine areas of the Gulf of Cadiz, the amounts of metals and metalloids released were small on a basin scale (in the order of a thousand times lower than today) as shown by the low levels of contaminants in the sediments of the Huelva estuary. 2. The first mining operations in the third millennium BC mark the beginning of anthropogenic pollution and produce a slight rise in background levels of metals in the sediments and fossils of the estuary. In the Bronze Age, with the Tartessian civilization, exploitation increased. 3. The Roman mining period was characterized by extraordinary activity considering the technology of the time. Drainage methods allow depths of 100 m to be reached. It is estimated that at this time 3.6 Mt of sulphides were extracted at Rí o-Tinto mine. The impact of mining on the rivers of the area has been registered by an increase of metals and metalloids in the estuarine sediments. 4. After Roman times until the mid-nineteenth century, a period of low-intensity mining occurred.
However, due to the longevity of the processes of acid mine drainage, acidic leachates are still produced in the old Roman mines affecting areas of the headwater of the Rí o Tinto. Until 1850, the water between the Peña del Hierro and Lago Cave, and also in the lower reach of the river and in its estuary, was of good quality.
5. In the late nineteenth century, with the arrival of foreign investors and the major mining boom, the total degradation of the Rí o Tinto occurred, as with many others rivers in the IPB. Pollution levels increased significantly in parallel with mining intensity, reaching a similar state as today. Due to the high toxic concentrations of elements entering into the estuary, loss of rich fishing at the Rí a of Huelva also occurred. Also, at this stage, increased levels of metals from mining in the Gulf of Cadiz have been detected. This situation has been aggravated by mining in Cerro Colorado since 1970.
In summary, the current situation of the Rio Tinto is mainly due to the mining since the late nineteenth century, compounded by the last phase of large-scale exploitation since 1970. The natural processes of the formation of acid drainage can be considered to be negligible compared with those generated by mining, three orders of magnitude higher. As a result of the old contamination (over 140 years), "naturalization" of the process has occurred. That is, it has been assumed that the natural state of the river is as it is currently.
This has important implications in the current management of the river, as the Water Framework Directive of the European Union (Directive 2000/60/EC) requires the recovery of the natural conditions of aquatic ecosystems. Although technically possible, the recovery of the Rí o Tinto would require enormous economic resources.
Due to the rise in the price of copper on the international markets from 2004-2008, a resurgence of mining in the IPB has been initiated and the reopening of Rí o Tinto mine has been requested. Currently, it is possible to reconcile mining with environmental sustainability. Moreover, the current interest in reopening many of the old exploitations is a good opportunity for restoration, requiring mining companies reinvest some of the profits generated into the recovery of the environment.
A large area of the Rí o Tinto headwaters is protected for its scenic interests, rich mining heritage and extreme environments where acidophilic bacteria develop. It is possible to leave some areas in the headwaters of the Rí o Tinto to preserve these ecosystems and the mining heritage and, at the same time, begin restoration actions to reduce the huge amounts of toxic elements that have a profound impact on the Rí o Tinto and its estuary.
